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ABSTRACT
This is the xPourth Quarterly Progress Report for Engineered
magnetics' Applied Research and Feasibility Studies, Ex'
perimental Investigations, and Conceptual Or Preliminary
Design Engineering Applicable to inverters For Motors. This
report describes the accomplishments achieved during the period
from March 26, 1968 to June 25, 1968. This report presents infor-
mation pertaining to the design and evaluation of the Inverter
current sensing and limiting circuit and results obtained from in-
verter-motor system tests.
6
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PREFACE
The National Aeronautics and Space administration Contract
Number NASB-20832, Applied Research and Feasibility Studies,
Experimental Investigations and Conceptual or Preliminary
Design Engineering Applicable To inverters For Motors Program;,
was awarded to the Engineered Magnetics Division of Gulton in-
dustries,, Inc., on June 22, 1967.
This is the Fourth Quarterly Progress Report pertaining to
the Engineered Magnetics Applied Research and Feasibility
Studies of Inverters for "hotors Program, presenting the progress
of the program from March 26, 1968 to June 25, 1968? This report
contains a review of the technical information which has guided the
decisions and accomplishments for this period.
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I .	 INTRODUCTION
This is the Fourth Quarterly Progress Report for
Engineered Magnetics' Applied Research and Feasibility
Studies, Experimental Investigations, And Conceptual,
Or Preliminary Design Engineering Applicable To In-
verters For Motors. ,(herein after referred to in the
report body as Applied Research and Feasibility Studies
Of Inverters For Motors Program.)
The authority to proceed for this study program
is contained in NASA Contract No. NAS8--20832, dated
June 22, 1967.
The study program objectives are to advance in the
areaa of design, efficiency, life expectancy, re-
liability, and motor performance characteristics of
inverters for space vehic16 application.
This study program shall endeavor to advance t4ch-
nolog_v in the field of power conditioning with im-
proved design concepts and techniques.
The Applied Research and Feasibility-Studies of in-
verters For Motors Program ti is based on i'aforma--
H
tion obtained from Engineered Magnetics inverters For
Motors Study Program conducted per NASA Contract No,
NAS8-180130
During the reporting period Engineered Magnetics
received NASA Supplemental Agreement Modification
DTo. 2, which extended the program life and re-estab-
lished the program conclusion date to October 27, 1968.
The original program conclusion date defined in Contract
NAS8-20832 was June 22 0 1968.
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WORK ACCOMPLISHED: THIS REPORT PERIOD.
A. INVERTER BREADBOARD DBS ION .
1.	 current Sensing and Limiting Circuit,
During the Applied Research and Feasibility study of
inverters for Motors, Engineered Magnetics Division
(EMD) has utilized a system design in which the motor
input frequency is varied as a function of motor speed.
As a result of this system design, constant slip fre-
quency operation is obtained. The motor starting tor-
que is high and the starting current will be high un-
less a method of current limiting is employed
.
, which
in effect limits the volt/time. (Low starting torque
and a large starting current surge are commonly assoc-
iated with induction motors designed for high efficiency.)
Previous reports have described the procedure used by
EMD in this study program to limit motor starting cur-
rent by varying the motor input voltage from a nulse-
width control circuit. Figure 1 presents the carrent
sensing and limiting circuit that EMD developeC into
the inverter breadboard design. in this circuit resis-
tor Rl senses the current from the power supply, and
the voltage drop across resistor Rl is amplified by
operational amplifier 7090. The feedback circuit is
arranged to maintain the voltage across resistor RG in
proportion to the positive current flow from the power
supply. capacitor Cl filters the pulsating DC voltage
with a reference voltage and controls the current
through transistor Q3. The unijunction transistor then
produces the turn-off pulse. In this canner the cir-
cuit functions to maintain the voltage at the base of
transistor Ql equal to the base voltage of transistor
Q2. This results in a maximum current as set by R6.
The 709C operational amplifier, has a gain of 200, or ar.
output of 2 volts per ampere (output = 200IR). The
gain of differential amplifier Ql and Q2 is set by re-
sistor R7.
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Tests were conducted with the current acnsii rj k,"i(i limitinq circuit
t shown oil F igare I in the Inver, tert -rho load motor,  wh ch is not
illustrated, was adjusted to operate at approximately 480ORPM.
A regulated constant s> ,:#)ly voltage was applied to resistor R6
and the resistor was adjusted to obtain a specific current.
The input and output power was measured, the results are pre-
sented on Table I. Oscilloscope photographs are presented
in Figures 2, 3, and 4.
TABLE 1. CURRENT Ar N.f4 I M" AN11 7.11 TTTMr, O TR('t7TT TEST r)ATA _
PHO O
NO. in(VDC)
in
(AMPS)
in
('WATTS)
TORQUE
(OZ^-XN.)
MOTOR
S PE ED
RPM
Pout
(WATTS)
EFFICIENCY
M
1 28 2 56 5.6 4820 14.1 25.2
2 28 3 84 10 4873 36.1 43
3 28 4 112 14.6 4933 53.4 47.6
4 28 5 140 18.4 4956 67.4 48.3
5 28 6 168 23.7 4960 87.5 52.2
6 28 7 196 28.2 4993 104 53
7 28 8 224 31.8 4999 112.5 52.5
8 28 9 252 s7 5030 137.5 54.6
9 28 9.6 269 41 5050 153 57
The oscilloscope photographs show the waveforms of: A. do-off
pulse-width ratio of voltage applied to the driver base of a
transistor. B. Phase A motor input current. Photograpb, No.9,
Figure 4, is the waveform obtained when the current limiting
was adjusted for no current limiting.
The reason for the low efficiency data, when Table I is
compared with previously obtained test data, has not as yet
been determined. However, 'as indicated on Table I, the loss
of efficiency is not significant when the input current level
approaches the maximum limit.
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3.	 Evaluation of Curre-nt Sensing and Limiting C.Lrcuit.
The current sensing and limiting circuit shown on
Figure 1 was used, but the following design modifi-
cations were incorporated: The 7090 operational
amplifier feedback circuit was modified to make the
sense voltage a function of the average Inver-ter
input current. Previously only the positive current
was sensed. The R-C filter across the input current
sense circuit was also changed as input current
spikes caused erratic recorder operation, Figure 5
shows the test setup with the latest current sensing
and limiting circuit design. The test setup allows
measurement of motor torque and input current as a
function of motor speed. The curves shown on
Figures 6
., 
7,1 and 8 were obtained under the follow-
ing test conditions:
The slip control circuit was adjusted to
produce a constant slip frequency of 25 Hz.
The input DC voltage was maintained at a
constant 20 VDC.
The lock rotor torque, was measured by
keeping the shaft in a fixed position
while power was applied.
The curves shown on pages 10 and 12 of the Second
Quarterly Progress Report (EMD Report No. 2161)
were obtained using the original motor design and
do not show the current fluctuations with RPM
changes that appear on the new data,
The curves on Figures 6. 7. and 8 are read from
right to left, as the slip detector output voltage
representing RPM, is negative with respect to ground
while other voltages to the recorder are positive.
Curve I in each graph shows the input current and
torque obtained with the auxiliary oscillator in
the circuit (6 fo). Curve 2 shows input current
and torque obtained when the Invertar oscillator
-9-
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was used (24 fo. )	 The dips that appear in the
torque curves at extremely low speeds are assumed
to have been caused by system time constants, The
latter may have too long a duration to compensate
for the rapid change in accol aratio4 at system
turn-on.
The increase in starting torque using high frequency
current control, shows approximately a two-fold
improvement as compared to the syncronous frequency
control method.
B , INVERTER-MOTOR TESTS
Performance tests were conducted on the two motors
described in the Third Quarterly progress Report
(EMb Report No. 2194) to determine what effect
I	 different proportions of slip have on motor perform-
ances in relation to stator material. The stator of
motor number 8580-C9345 consists of conventional
iron (14 mil lamination M19 silicon steel), whereas
the stator of motor number 8580--09346 utilizes a
t	 material of high nickel content (7 mil, lamination
All.eghene ,y Ludlum 4750.)
The same rotor was used with each field housing
(stator)assembly to reduce the number of variable
conditions since the motor torque-speed characteristics
are very dependent upon such variables as resistance
and reactance of the rotor circuit. Motor air gap,
which is the major uncontrolled variable, is assumed
to be the same in both motors. Both motors contain
bifilar windings to permit center--tapped operation.
However, for the tests reported here, the bifilar
windings were connected in a parallel configuration.
-14-
The Inverter output voltage waveshapes furnishing
power to the motors were described in previous
reports and are briefly reviewed as follows:
The Inverter provides a 3-phase quasi-square wave
voltage to the motor. The Inverter breadboard cir-
cuits are designed to provide various types of motor
current limiting. One method in to use current limit-
ing in the power suppl ) . Another method limits the
current by switching the motor drive voltage on and
off as the waveform in the following diagram illus-
	
trates.
	 Tor #?" r oN
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	 e aFi
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^— 60
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Current control is achieved by varying the on-to-off
ratio ( Tory and 'rot f ) at a repetition rate that is
faster than the fundamentai frequency. (See First
Quarterly Progress Report, EMD Report :Dumber 2090,
 
for analysis of harmonic content of the on-off wave
form.) The on-off switching frequency can be derivrl
from the output of the oscillator which generates the
fundamental frequency, or a free-running auxiliary
oscillator output set to approximately 8Kliz may be
used. (8KHz is the empirically determined frequency.)
The motor torque-speed curves shown on Figures 9, 10
and 11 were obtained while using the current limiting
power supply method. The following table shows motor
efficiency at slip frequencies of 8 1/3, 16 2/3, and
33 1/3 Hz and specific motor running speeds (RPM),
MOTOR
SPEED
(RPM)
EFFICIENCY	 (96)
XT-SLIT	 s
^3	 1 /1 16	 213 331
500 12 17 13
20 8 23
'2-GOO 28 41 36
3000 42 5^ 45
4000 52 57 51
55 60 55
600 58 6 2 56
7000 56 61
8000 57 64 53
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4To obtain data wJ,th high resolution for the torque-
speed tests, the frequency counter was adjusted to
present slap indications at 50, 100, and 200 Hz
(6 titres the actual motor input frequencies) . The
efficiency table indicates that maximum efficiency
during this test occurred at a slip frequency of
16 2/3 F7, (rotor frequency) .
C. CONCLUSIONS
The data presented in this report indicate that
optimum motor performance is obtained with a slip
frequency of approximately 16 2/3 Hz (constant
frequency) .
The test results alao show that when current limit-
ing is obtained through the modulation of input
voltage waveform method, the modulation should occur
at a frequency high enough to cause motor inductance
to maintain a reasonably smooth current flow. other-
wise, efficiency will degrade at low frequency and a
pulsating current that may prove objectionable will
occur,
III.	 WORK PLANNED: NEXT REPORTING PERIOD.
This is the last Quarterly Report for the Applied Research
and Feasibility Studies, Experimental Investigations and
Conceptual or Preliminary Design Engineering Applicable to
Inverters For Motors Program, National Aeronautics and Space
1
Administration Contract Number NAS8-20832. The time remain-
ing for the study program will be devoted to obtaining com-
parative data of the two motors, investigation of circuit
losses with the goal of improving system efficiency (espec-
ially at low motor speeds), and to obtain or derive infor-
mation pertaining to reduction of system size with project-
ions of expected resulting efficiencies.
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